We demonstrated a Si-based photoelectric detector with silicon-on-insulator structure. The Si-based detector was successfully fabricated and showed broadband response from 20-40 GHz to 0. 165-0.173 THz radiation at room temperature. It achieved a maximal responsivity of 49.3 kV/W and noise equivalent power (NEP) of 0.38 pW/√Hz at 20-40 GHz, and achieved a responsivity of 3.3 kV/W and NEP of 5.7 pW/√Hz at 0.165-0.173 THz; Moreover, a short response time 810 ns was realized for the detector. The simple structure, excellent performance and easy integration of the detectors, which provides an avenue to the optoelectronic integration of sensitive room-temperature terahertz focal-plane arrays.
A c c e p t e d M a n u s c r i p t 2 In recent years, terahertz (THz) region of the electromagnetic wave has gained extensive attention due to its distinct characteristics, such as low photon energy, strong penetration ability, high imaging resolution, large information capacity and good confidentiality, which are different from other frequencies of the electromagnetic spectrum. 1, 2) THz detection is one of the most significances in both its physics and its applications. The development of THz detection technology to meet the requirements in the area of security imaging, 3) remote sensing, 4, 5) biomedicine imaging 6) and communication 7, 8) put
forward to higher requirements of the performance on THz detectors. The current room-temperature THz detectors mainly include bolometers, high-electron-mobility transistors (HEMTs), field-effect transistors (FETs) and Schottky barrier diodes (SBDs). [9] [10] [11] [12] [13] [14] Although the performance such as responsivity, response time, and NEP of those detectors has been greatly improved, there are still great demands for higher sensitive detection to microwave and THz wave. For example, bolometers achieve a high responsivity (10 5 -10 7 V/W) and NEP (10 -10 -10 -9 W/√Hz) of THz frequency range (0.1-30 THz) at room temperature, but the reset time and response time were on the order of tens of milliseconds (10 -3 -10 -2 s). Compared to the bolometers, the SBDs and FETs give a lower NEP (10 -11 -10 -10 W/√Hz) but smaller responsivity (10 2 -10 3 V/W), while they had faster response time (10 -11 -10 -9 s). [14] [15] [16] Therefore, a great challenge to THz detectors is to find new approaches to achieve THz detection with the advantages of room temperature, fast response, high sensitivity and easy to array integration.
Silicon (Si) is not only a mature electronic material widely used in the large-scale integration of circuits in chips, but also an ideal optical material for photoelectric detection. The first demonstration of sub-THz and THz detection by CMOS field effect transistors (FETs) in silicon was made in by the plasma wave detection theory. 17) After that, Si-based FETs THz detectors have been a popular topic and a lot of research work was studied. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 3 sensors, infrared optics, high speed microprocessors, memorizers and MOSFETs. [26] [27] [28] [29] SOI was first utilized as THz detector due to the advantages of fast response, low power consumption, easy integration, 18, 21) In recent year, the plasmonic approach to THz electronics was strongly supported by experimental observation by nanoscale FETs, due to the rectifying effect of the FETs, the theoretical limits for the intrinsic conversion efficiency of the transistor itself were still existed. However, no suitable theory has been developed for sensitive THz detection until now, although considerable mechanisms have been proposed. [17] [18] [19] [32] [33] [34] A novel photoconduction mechanism was proposed to break through the limitation of the ultimate performance caused by different mechanism for microwave and THz detection. 35, 36) The detectors with metal-semiconductor-metal (MSM) structure were proposed based on narrow gap semiconductors, in which when an electromagnetic wave with photon energy much less than the bandgap of the semiconductor impinges on the MSM structure, an electromagnetic induced well (EIW) is generated in the semiconductor, it traps the carriers from the metal, then the conductivity of the semiconductor is changed and the photovoltage signal of electromagnetic wave could be detected. This mechanism is a breakthrough to photoconductivity and has important applications in the far-infrared and terahertz detection. In this Letter, we achieve high performance of Si photoelectric detector to detect microwave and terahertz wave based on the proposed EIW mechanism.
The Si photoelectric detector was fabricated using SOI material with tri-layer structure of Si/SiO2/Si, in which the Si of the handle layer was of a thickness of 510 μm and resistivity of 1000 Ω•cm, SiO2 of the oxide layer was of a thickness of about 1 μm, and the p-type Si of the device layer was of a thickness of 2.4 μm and resistivity of 0.01-0.02 Ω•cm. Then, the MSM structure was fabricated by standard UV lithography and plasma etching with a space of 5 μm between the Au electrode. The specific fabrication process of detectors was as follows: Firstly, the SOI material was cleaned by alcohol and acetone, then the active elements were etched out by standard UV lithography and plasma etching method, followed by a second UV lithography to prepare for electrode fabrication and protect the active elements from metal sputtering. After that, Au electrodes of 300 nm thickness on top of a 30 nm-thick Cr were formed To measure the response of Si detector to microwave and sub-terahertz wave at room temperature, we establish the measurement system, the schematic diagram is shown in the figure 2. During the measurement, the distance between the detector and the THz source is 30 cm, the microwave or sub- Because they all show similar performances during our measurements. in the following, we only present the performance results of the detector sample, which is of the resistance of 55 Ω derived by I-V characteristics.
Responsivity is the measurement of how much signal could be generated to the incident power on 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5 we calculate the responsivity of the detector according to the formula (2) as follows:
where R1 is the voltage response signal of the detector to the microwave or sub-terahertz wave, P0 is the NEP is one of important parameters of noise characteristic, which is a limited factor of detection, as noise is all of the unwanted signal that the desired detection signal has to overcome. We record the noise of the detector sample by a spectrum analyzer (MODEL SR 770) at the modulation frequency from 650
Hz to 100 kHz and the bandwidth of 250 Hz. We measure a short noise ( ) when the circuit is shorted firstly, then replace it with our detector and measure the total detector noise ( ), finally we calculate the detector noise ( ) using a simple root mean square (rms) formula (3).
The noise spectrum is shown in the figure 3(d). Then we calculate the NEP according to the formula (4) as follow: THz). The value of the NEP is superior to those of commercial detectors operated at room temperature such as Golay cells, pyroelectric detectors, bolometers and microbolometers. The NEP value for those uncooled detectors is typically from 10 -10 to 10 -9 W/√Hz.
13)
Detectivity D* is the main parameter to characterize the normalized signal-to-noise performance of A c c e p t e d M a n u s c r i p t 6 detectors and can be defined as formula (5):
where Ad is the photoactive area of the detector, the value of Ad is 250 μm 2 The Si-based detector achieves the above excellent performance, and the typical theories at present to explain the experimental result are thermal effect, plasmonic effect of FETs and EIW theory we proposed, one of them may be considered as a possibility for the detection mechanism in our manuscript.
Firstly, we estimated the temperature rise of the detector and calculated the responsivity of the detector under thermal radiation to eliminate the absorption of the radiation. The voltage responsivity of the thermal effect estimated is only approximately 0.52 V/W, which is 4-5 orders smaller than the experimental result. Then, the plasmonic effect also can be excluded because the response frequency of our detectors is much higher than the cutoff frequency of 3.2 GHz based on the plasmonic effect. Finally, according to EIW mechanism, the theoretical responsivity of the detector is about 3.8 kV/W at 0.167
THz, the value of responsivity is close to the experimental value (3.3 kV/W). Therefore, we think the EIW theory can explain our experimental data reasonably. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 7 increase of the modulation frequency (100 Hz-50 kHz), which indicates that the detector is of fast response speed. It is different from the general thermal detectors that usually have longer response time.
For example, the voltage response of Golay detectors drops quickly as the modulation frequency increases.
The response signal under different bias voltage with the modulation frequency fixed at 1 kHz, 10 kHz and 20 kHz is shown in the figure 4(c) . It shows that the response of the detector increases gradually with the increase of bias voltage. The reason is that carrier mobility of silicon is relatively low, and it is easy to reach saturation under the action of a gradually increasing electric field. Besides, we observe in experimental the trend of response signal as carrier power increasing. As we can see from figure 4(d), the response signal of the detector with ohmic contact increases as the radiated carrier power increases, the result shows a good linear relation between the response signal and carrier power.
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